Hard X-ray emission is generally interpreted as bremsstrahlung of 10-100 keV electron beams. This requires a high number of electrons to explain the intense X-ray flux observed. An interesting suggestion was made recently that 100 keV proton beams bombarding the atmosphere would create a hot thermal plasma at the origin of the observed X-ray emission. Such low-energy protons have never been detected. We propose to use impact linear polarization of chromospheric lines as a diagnostic of 100 keV protons. Recent observations of Ha linear polarization in solar flares are presented. A polarization degree as high as 2.5% is observed in some Ha-bright patches. The electric vector is radial. This polarization is interpreted as impact polarization by low-energy protons. From existing observations we cannot discriminate between local and nonlocal origins of the detected population of energetic particles. However, we show that nonlocal proton acceleration leading to chromospheric bombardment is a likely explanation of the observed polarization. Whatever the initial distribution, transport effects in the chromosphere generate an anisotropic velocity distribution for protons. The required initial minimum energy and energy flux above this energy in the corona are found to be respectively 200 keV and 3 X10 8 ergs cm -2 s _1 for a 10 7 K corona of mass 3 X10" 4 g cm -2 . These results are valid as long as a possible scattering by waves is not strong enough for increasing the particle path in the corona.
I. INTRODUCTION
The ratio of the number densities of protons and electrons accelerated in solar flares and its dependence on the particle energy is a clue to the acceleration mechanism. At high energy, above 10 MeV, the number of energetic protons exceeds that of energetic electrons by nearly two orders of magnitude (Ramaty and Murphy 1987) . This is currently interpreted as the consequence of a stochastic Fermi acceleration mechanism with an acceleration rate proportional to momentum. A preacceleration is needed. In the solar corona, the threshold energy for ions to be accelerated to such energies is in the 10-100 keV range (Vlahos et al 1986) . Below 1 MeV, virtually nothing is known about energetic protons from observations.
In the nonrelativistic energy range below 500 keV, a D. C. electric field would accelerate electrons and protons to the same energy in opposite directions with the same number density (Carlqvist 1982) , whereas acceleration by small shocks would favor protons over electrons. Tens of keV X-ray emission is usually interpreted as bremsstrahlung of 10-100 keV electrons. Recently, in order to reduce the energy requirements, 100 keV proton beams have been proposed to be the cause of some flares (Simnett 1986) . Extending the calculations of Speiser (1965) of particle acceleration by an electric field in the geomagnetic tail to solar current sheets, Observatoire de Paris. 2 Berkeley Research Associates, Inc. department of Physics, Centre College, Danville, KY. 4 Instituto de Astronomia y Fisica del Espacio, Buenos Aires. Martens (1988) and Martens and Young (1990) could accelerate protons and electrons to the same velocity and produce 100 keV proton beams. A possible signature of 100 keV protons could be Doppler-shifted hydrogen Lya emission after charge exchange with ambient chromospheric hydrogen atoms (Orrai and Zirker 1976) . Computations of nonthermal Lya and Ha red wing profiles of the Doppler-shifted emission from a purely vertical beam have shown that Lya emission is a useful observational diagnostic of the presence of 10-100 keV proton beams (Canfield and Chang 1985) . However, no evidence of Doppler-shifted red wing excess Lya emission was found in Skylab ATM data (Canfield and Cook 1978) . Also, hydrodynamic effects of 10-100 keV proton beams could be present in the solar corona (Tamres, Canfield, and McClymont 1986) but are difficult to use for their detection. As shown below, impact linear polarization of chromospheric lines could be a diagnostic of 100 keV protons.
In § II we present the observations. Impact linear line polarization is presented in § III, and its application as a diagnostic of the existence of energetic particles with anisotropic velocity distribution functions is described in § IV. The mechanisms leading to an anisotropic velocity distribution of protons in the solar chromosphere are discussed in § V. In § VI the required initial energy and energy flux for protons accelerated in the corona are derived. The possibility of inferring the original proton anisotropy in the corona and the effect of this anisotropy on the proton energy and proton energy flux required to reach the Ha-forming layers is discussed in § VII. A general discussion and a conclusion are given in § VIII.
II. OBSERVATIONS
Linear polarization in the integrated profile of the chromospheric S 1 1437 A line was detected in a solar flare, using the ultraviolet spectro-polarimeter on SMM (Hénoux et al 1983û) . Linear polarization in the Ha line was recently observed in solar flares at Paris Observatory. The instrument used is an Ha patrol heliograph with a 0.75 A bandpass in which a rotating half-wave plate was inserted in front of the linear polarizer at the entrance of the monochromatic Lyot filter. The half-wave plate is rotated through 22°5 per step.
One set of 16 successive Ha filtergrams is obtained per minute on photographic film. After digitization, the Stokes parameters describing the linear polarization are derived by adding and substracting the filtergrams, giving both the polarization fraction and the azimuth of the polarization vector.
Three chromospheric flares were observed on 1982 July 11. These flares took place in a complex active region located at 16° N, 50° E. The signal-to-noise ratio of the photographic observations is low. A polarization of l%-2% can be detected only if it lasts a few minutes. Temporal fine structures are difficult to resolve. For the three flares observed, the best Fig. 1 .-Filtergrams showing Ha chromospheric brightening during three solar flares observed on July 11 1982. The filtergram size is about 3'x3! 3 with a pixel of 3" X 3". The direction of the polarized electric vector in the flaring regions and the flare to disk center direction are shown, respectively, by single and double line arrows. The time dependence of the soft x-ray emission measured by GOES is shown at the top of each figure. The periods of time where polarization is detected (9:37-9:45, 13:49-14:03, 17:01-17:12) are delineated by dashed lines on the GOES soft x-ray time profile curves. No. 2, 1990 signal-to-noise ratio is obtained by integrating over about 10 minutes. One minute beyond the selected integration time, the polarization signal becomes undetectable. A linear polarization fraction as high as 2.5% is observed at a few locations in the bright Ha patches. Figure 1 shows the locations, on the filtergrams, where polarization is present. The direction of vibration of the polarized electric vector is close to the flare to disk center direction. This result is in agreement with the SMM observations that showed that the electric vector in the S i Line was also directed along the flare to disk center direction. As shown in Figure 1 the polarization is observed during the rise of soft X-ray emission. It stops near the time of maximum of soft X-ray emission. This polarization does not appear to be definitely related to impulsive hard X-ray emission. ISEE data, available for two of the three events, indicates that hard X-ray emission is not present during all the time where polarization is observed, being either undetected or of shorter duration.
III. IMPACT LINEAR LINE POLARIZATION
No polarization is observed above sunspots in the absence of flares. Strong Doppler broadening and the observed spatial distribution of the polarization vector rule out the possibility of Zeeman, Stark effect, or resonance polarization to be at the origin of the observed polarization. Impact polarization by beams of particles is the most plausible interpretation.
Impact linear polarization of spectral lines results from the collisional excitation of atoms by beams of charged particles (Skinner 1926; Percival and Seaton 1959 )-electrons or ions. The maximum polarization fraction is observed in a direction perpendicular to the direction of propagation of the beam. Defining the polarization fraction as P(90°, £) = (/|| -/ ± )/(/y + /_l), where E is the particle energy and lu and I ± are the intensities of the vibrations parallel and perpendicular to the beam direction, respectively. Figure 2 shows computed and observed values (Syms etal. 1975 ) of P(90°,E) for the Ha line collisionally excited by a monoenergetic electron beam. Notice the change of sign of the polarization fraction for increasing energy. The energy dependence of the Ha polarization degree for proton excita-. tion is not known, but theory suggests a similar behavior. Since excitation gives ra = 0 Zeeman sublevels only, the polarization fraction at the threshold is independent of the (Kleinpopen et al. 1962; Kleinpopen and Kraiss 1968) . Squares are theoretical values calibrated with measured integrated cross sections (Mahan 1974) . particle mass. For large values of the energy, the polarization fraction produced by a beam of protons is close to the polarization fraction of equal velocity electrons, as computed in the Bom approximation. Consequently, one can predict that the energy variations of the two polarization fractions will look alike, but with different energy scales.
IV. IMPACT POLARIZATION AS A DIAGNOSTIC OF THE PRESENCE IN THE CHROMOSPHERE OF PARTICLES WITH AN ANISOTROPIC VELOCITY DISTRIBUTION FUNCTION
On the Sun, energetic particles will not be strictly beamed, but will have a velocity distribution function /(v, a). Here, a is the pitch angle, and axial symmetry around the magnetic field is assumed. The resulting line linear polarization relative to the radial and tangential direction on the solar disk, produced by monoenergetic particles, would be given by (Hénoux et al 1983) :
where 6 is the heliocentric angle, F(90 o ,v) is the linear polarization at 90° to a unidirectional particle beam of velocity v, and
For an actual velocity distribution of particles we can express the polarization in term of an effective velocity v, so that
where we have defined an anisotropy factor
For typical atomic polarization of 20%-30%, \b(v)\ has to be greater than or equal to 10% for the polarization to be detectable.
As shown in Figure 3 , the observed polarized electric vector seen projected on the solar disk is directed radially, i.e., along the flare to disk center direction. Due to the change of sign of the polarization with increasing energy, either 10 eV electrons or 10 keV protons falling vertically on the solar chromosphere or 10 keV electrons or 10 MeV protons circling horizontally around a vertical magnetic field would produce a dominant ir component directed along the local solar vertical. By projection on the solar disk, a polarization vector directed along the flare to disk center direction would be observed. However, the decrease of the collisional excitation cross section and of the particle number density with increasing energy makes it doubtful that the highly energetic electrons or protons could explain the polarization observations. Therefore, it is reasonable to attribute the observed polarization to low-energy electrons or protons moving vertically in the 10 4 K solar chromosphere and to take v -v th , where v th is the excitation threshold velocity.
Then we must understand how 10 eV electrons or 10 eV to 10 keV protons could be present in the solar chromosphere with an anisotropic velocity distribution function. A few mechanisms can be invoked:
1. Local acceleration in discontinuities of potential like local double layers (Hénoux 1986 ). Single double layers would have to be strong (*/fcr>l) in order to accelerate electrons and protons to energies x °f at l east 12-20 eV in a medium of mean thermal energy kT of 1-2 eV. Multiple double layers could be weak (x/kT -1), but they would have to be separated by less than 1 mm to accelerate the particles to the required energy. This makes this hypothesis unrealistic.
2. Local acceleration by the electric field resulting from the charge separation that takes place when a neutralized ion beam interacts with the chromosphere. In this interaction the ions move downward and the electrons scatter setting up the electric field. This mechanism was proposed by Simnett and Haines (1990) to transfer energy from the beam ions to some of the beam electrons leading to hard X-ray emission.
3. Nonlocal production of beams of low-energy electrons. Delocalized heat conduction near the base of the transition zone where the temperature gradient is very steep may produce in the chromosphere an anisotropic velocity distribution of ~ 10 eV electrons. We explained the first observation of polarization by this mechanism (Hénoux et al. 1983£) . The main objection to it is the very small mean free path of these low-energy electrons in the rather dense chromosphere.
4. Nonlocal production of beams of protons. The directivity of these protons can be produced either high in the corona or in the transition region and upper chromosphere above the Ha-forming region. These protons have to travel from the corona to the Ha-forming region. The directivity of proton beams can be affected in the corona by Alfvén waves or magnetoacoustic waves (Tamres, Canfield, and McClymont 1989a, h) . Hopefully, as shown in § V, transport effects can generate a significant anisotropy even for protons entering the transition region with a completely isotropic velocity distribution.
At chromospheric densities 10 eV electrons are very quickly scattered by Coulomb collisions, and they lose their energy and directivity on very short distances. Protons are much less affected by Coulomb scattering than electrons of same velocity. They are better candidates to explain the observed polarization. Therefore the most probable origin of the observed polarization is either local acceleration of electrons and protons or atmospheric bombardment by protons. Neutral beams carrying both 100 keV protons and 10 eV electrons, as suggested by Simnett (1986) and Martens and Young (1990) , could still more efficiently produce polarized Ha emission, each species contributing to it.
In the following sections we discuss the possibility for proton beams accelerated higher in the atmosphere to explain the observed polarization. There, we will successively examine the two following conditions that have to be satisfied by these protons:
1. Their velocity distribution function must have a significant anisotropy at chromospheric levels.
2. Their flux has to be high enough for the collisional excitation rate of hydrogen by these protons to exceed the depolarizing collisional rate by the background electrons.
together with equation (5.1) lead to fo(Po' a o)PodPo = f(p,ai)p 3 dp.
( 5.2)
The loss of angular momentum of a beam will be studied in § VI. From equation (6.4) we derive
where ¡jl = cos a, and N b is the column density of the region above the Ha-forming layers where the magnetic field is strong enough for ruling out scattering by waves. It is reasonable to take for its value the column density of the chromosphere above these layers. (Ramaty et al. 1988; Zweibel and Haber 1983; Hua, Ramaty, and Lingenfelter 1989) . Alivén waves and magnetoacoustic waves can produce pitch-angle scattering. Tamres, Melrose, and Canfield (1989a, b) have related the growth of Alfvén and magnetoacoustic waves to the anisotropy of the proton beam and to the local magnetic field and electron number density. Their study was made assuming a Maxwellian distribution in energy. Their results cannot be applied directly to a power-law distribution in energy. However, they show that the growth rate of the waves is strongly reduced in the presence of a high enough magnetic field. Moreover, collisional damping will be significant in the transition region and chromosphere. Consequently, we can expect that in these layers protons are mainly affected by Coulomb collisions and magnetic field convergence. In most of the atmosphere the deflection time of protons by Coulomb collisions is m p /m e times larger than their slowing-down time, where m p /m e is the proton-to-electron mass ratio. Coulomb collisions do not scatter proton beams. This leads to the possibility of generating anisotropic velocity distributions by transport in an horizontally stratified atmosphere.
In the absence of scattering, the equation of conservation of the proton number flux for a beam propagating in a magnetic loop of section s is SoU(Po,a 0 )pldpQ sin a 0 cos a 0 da Q = sf(p,a)p 3 dp sin a cos a da, Equation (5.4) shows that for an initial isotropic velocity distribution, the magnetic field convergence does not affect the anisotropy created by the atmospheric stratification. Therefore, in the following we shall work only with an homogenous magnetic field. We assume that, at the top of the transition region, the initial velocity distribution is isotropic and that the energy dependence of the particle flux is represented by a power law E~8, i. This velocity distribution is anisotropic and could therefore lead to the local emission of linearly polarized Ha photons. Its anisotropy factor can be derived from equations (4.4) and is found to be b(v th ) = y /(y + 6). For y = 5(£ = 4), Mv th ) = 0.45 and the difference in energy loss for protons travelling with different inclinations on the solar vertical leads to a polarization at the limb of the Sun that can be as high as 13%.
A near isotropy of the proton velocity distribution at the top of the transition region-due either to the injection process or to scattering by waves in the corona-does not preclude an anisotropic proton velocity distribution at the Ha-forming layer. The proton number flux in the chromosphere has to be sufficiently high in order to produce linearly polarized Ha radiation. The conditions on the proton number flux and on the proton initial energy at the acceleration site are examined in the next section.
VI. REQUIREMENTS ON THE INJECTED PROTON NUMBER AND ENERGY FLUX FOR PRODUCING SIGNIFICANT HYDROGEN EXCITATION
In this section we estimate both the proton initial energy required for a proton to reach the Ha-forming layer, and the minimum flux necessary to produce significant excitation of hydrogen level 3. We assume that the protons propagate without scattering by waves and consider that all protons have the same pitch angle a. At the end of this section, we will discuss how our results are affected by a distribution of pitch angles.
a) Proton Energy Losses during Coulomb Collisions
The changes of energy and direction of the velocity of a proton beam in a fully ionized atmosphere have been studied in detail by Trubnikov (1965) . In applying the results of his study to the solar atmosphere, we must separate the hightemperature corona from the transition region and chromosphere that are at lower temperature. The Ha line center-forming layer is at a temperature r>9xl0 3 K. Above this layer almost all proton energy loss occurs in collisions with the free electrons of the highly ionized plasma. In Coulomb collisions with background electrons, only electrons of velocity smaller than the velocity of the 100 keV protons, i.e., electrons of energy below a few 100 eV, contribute to the energy losses. In the corona their number density is a small fraction of the total electron number density, and protons can go through a significant mass of coronal plasma (hot target) without momentum exchange. This is no longer true in the cooler atmosphere below (cold target) (Tamres, Canfield, and McClymont 1986) .
For a proton moving with constant pitch angle a in a homogenous magnetic field, the energy loss per unit electron column density in collisions with free electrons is (Trubnikov 1965) where ¡jl = cos a, A is the Coulomb logarithm, x = (E/kT)(m e /m p X and <p(x) = <Kv^)~V^c^'iV*). $(*) is the error function. In the chromosphere, one can always use the cold target approximation, x 1, q>(x) ~ l. On the other hand, in the corona the hot target approximation, x 1, cpix) ~ 4/3x 3/2 7r -1/2 , may apply. However, the following expression is a better approximation of (p(x) valid for all x:
Let N a and N b be the total column densities of the corona and the chromosphere, respectively; T a , the mean temperature of the corona; and E 0 , E v and E, the successive energies of a proton at injection, at the entrance of the chromosphere, and in the Ha line center-forming region. Neglecting the <p f (x) term, integration of equation (6.1) with the help of equation (6.2) for the corona and of the cold a N a , total coronal column density; N b , total chromospheric column density; n e , electron number density in the Ha line center forming layer. target approximation for the chromosphere gives the following relations:
A'= 1.4 and the excitation potential of hydrogen level 3^3 = 12.1 eV. which can be transformed into an integral over E 0 by writing flux conservation, n B (E)v(E)dE = n^iE^viE^dE^ and solving equations (6.3) and (6.4) to express £ as a function of £ 0 . This is difficult, but a simple estimation may be obtained as follows. For the usual power-law-injected spectrum, ii b (E () )v(Eq) = tiEq 8 , the main contribution will be from protons of energy E 0 not much larger than E ab . Thus, using the expansions E% = ElÁ\-\-e^) and = £¿(1 + one gets Sj = À£ 0 and gj = E^/E b , where With E b known from equation (6.5), equation (6.6) gives E ab versus T a . Table 1 lists the values of N a and N b for the quiet solar atmosphere and for the empirical flare models F 1 and F 2 of Machado et al. (1980) . The corresponding variations of E ab with T a are shown in Figure 4 for /¿ = 1. (Note that E b is given by the high-temperature limit of the curves.) For temperatures characteristic of the flaring coronal plasma ( > 10 7 K), injection of 100 keV protons is required. MeV protons are needed only for the total coronal column density N a of flare model F 2 . However, the F 2 coronal column density is overestimated and represents very extreme conditions. The constraint on the initial flux is found by equating the collisional excitation rate of hydrogen level 3 by the beam to the thermal excitation rate by the background electrons Cjy
The beam collisional excitation rate is
The remaining integral is a beta function, so that one finally obtains, in terms of F ab = 7]fjiE 2 b 8 /(ô -2), the total flux of energy carried by protons injected at £ 0 > E ab :
where n B (E) is the local beam particle density at energy £ and o-p (E) is the cross section for excitation by proton impact. Strictly speaking, the lower limit of the integral should be the excitation energy threshold, but in practice it makes little difference to take it as zero. One can simply estimate o-p (E) by noting that about one-tenth of the total energy lost by a proton in colliding with neutral hydrogen is spent to excite level 3. The energy loss per cm 3 per second, given by Mott and Massey (1965) , is
The thermal excitation rate is (6.15) where v 0 = (2^1 3 /m e ) 1/2 . The velocity vector is v and /(v) is the local Maxwellian velocity distribution function for an electron number density n e and a temperature T. Since in the Ha-forming region xu^kT, f(v) decreases quickly with velocity and the excitation cross section, (t(v), can be taken equal to its value cr near threshold. Thus, with T = 9000 K and cr = 5 X10" 17 cm 2 , one gets The energy requirements depend strongly on the coronal total column density and on the coronal temperature. In model F 1? for temperatures characteristic of the flaring coronal plasma (r a >10 7 K), F ab does not exceed 3xl0 8 ergs cm -2 s _1 . For 7; = 10 7 K, E ab = 2m keV, and the associated total proton number flux is equal to 5x10 14 particle cm -2 s" 1 . Again the overestimated coronal total column density of model F 2 leads to somewhat unrealistic energy requirements.
Extrapolation of the spectrum to a standard energy cut-oif E s would lead to an "energy flux" F,-^) .
(6.1S)
The variations of F s with T a , for the same models as before and for E s = 20 keV, are also shown in Figure 4 . For T a = 10 7 K, F s = 5x 10 10 ergs cm' 2 s" 1 . The results presented above were obtained for a unidirectional beam of zero pitch angle. For an angular distribution of the velocities, it would be necessary to integrate over the pitch angles. However, for a nearly isotropic distribution it is sufficient to use the expressions above with an average pitch angle of 60°. In this case the energy flux has to be multiplied by a factor 2-3.
VII. PROTON ORIGINAL ANISOTROPY AND ITS EFFECT ON THE PROTON ENERGY AND ENERGY FLUX REQUIREMENTS
Polarization observations give informations on the anisotropy of the proton velocity distribution in the chromosphere. This anisotropy may either be present at the origin of the proton beam in the corona or be generated in the chromosphere by transport effects. As shown previously, even a fully isotropic velocity distribution of protons can lead by such effects to a significant anisotropy. Therefore, the observed polarization does not provide always direct information on the initial anisotropy in the corona. If the proton original anisotropy is too high, waves could be generated that would scatter the beam. This scattering could modify the energy and energy flux requirements derived previously.
The proton energy and energy flux that are required to produce Ha polarization were derived assuming that the protons are not scattered in the solar corona. The growth rate of Alfvén or magnetoacoustic waves susceptible to scatter the protons depends upon the proton velocity to Alfvén velocity ratio v/v A and upon the beam anisotropy. It is outside the scope of this paper to study in detail the energy and anisotropy dependence of waves growth rate and the conditions of proton scattering. We simply report here some results obtained by Tamres, Melrose, and Canfield (1989ö, b) . These authors have studied the conditions of generation of Alfvén and magnetoacoustic waves by an anisotropic beam of protons with a Maxwellian energy distribution. They showed that induced Alfvén waves may be effectively damped by the thermal ion population and, on the other hand, that magnetoacoustic waves could lead to scattering. However, at sufficiently high values of the magnetic field, weakly collimated beams of 100 keV protons can be stable. Assuming a Maxwellian distribution of the proton velocities (<xe~v /2v°X Tamres et al. found that near-certain beam stability and near-certain beam instability takes place in a range of rms velocities 0.7v A < v 0 < 2v A . Assuming no coronal scattering and a coronal temperature of 10 7 K, it was shown in § VI that, in order to reach the chromosphere, protons must have an initial energy of at least 200 keV. At such energy v/v A -3n\^2/B 2 [n 10 = n ¿ (cm~3)/10 10 ; B 2 = B(G)/10 2 , where is the ambient ion density]. This ratio can be decreased toward the lower limit of the velocity range by increasing the magnetic field to 300 G. Such magnetic field may be present in some solar flare loops. Therefore, we can reasonably assume that there are situations where protons with the minimum energy required to reach the chromosphere are not significantly affected by scattering. As long as the scattering is not strong enough to increase significantly the particle path, the required energy and energy flux of protons shall be the ones derived previously.
VIII. CONCLUSION Polarization observations show that energetic particles, either 10 eV electrons or 10 keV protons are present in the solar chromosphere during solar flares and have an anisotropic velocity distribution. From the existing observations we cannot discriminate between local and nonlocal origins of the detected population of energetic particles. Low-energy electrons are easily scattered and lose their energy on very short distances. Low-energy protons are not deviated in Coulomb collisions. Therefore if the acceleration is nonlocal, protons are the best candidates to explain the observed polarization. However, both electrons and protons could be accelerated locally. Local acceleration implies the existence of strong potential discontinuities accelerating the particles to energies higher than the local thermal energy. Theoretical investigations of the formation of such potential drops are needed before accepting this hypothesis. Nonlocal acceleration leading to a bombardment of the chromosphere by protons is considered in this paper and appears to be a plausible explanation of the observed Ha polarization. Due to the presence of both 10 keV protons and 10 eV electrons, neutral beams as invoked by Martens and Young (1990) would still be more efficient. Moreover, the efficiency of these neutral beams in producing Ha polarization would still be increased if, as suggested by Simnett and Haines (1990) , an electric field would be set up in the chromosphere by the neutral beam.
Protons are not deviated by Coulomb collisions. Scattering by Alfvén or magnetoacoustic waves may take place in the corona, but it is unlikely in the transition region and chromosphere where the magnetic field is stronger and collisional damping is significant. Consequently, even if at the top of the transition region the proton velocity distribution is isotropic, atmospheric stratification would still make this distribution anisotropic in the Ha forming layers. The resulting anisotropy is not affected by magnetic field convergence and leads to a significant polarization. As a consequence the observed polarization does not always give direct information on the original anisotropy of the proton velocity distribution function in the corona. The ^iarization degree of 2.5% reported in this paper is smaller than the value of about 7.5% that would result from transport effects for a flare at heliographic position 16° N, 50° E (see eq. [4.3]). Therefore, it does not imply an initially strong beaming of the proton flux in the corona.
In order to reach the chromosphere and to produce significant Ha polarization, a minimum initial proton energy and proton energy flux is required. These quantities were computed in the hypothesis of bombardment by an unscattered beam, assuming a power-law distribution of the proton flux with an index 8 = 4, and a coronal mass taken from the semiempirical model F x (3x10" 4 g cm -2 ). For a coronal temperature of 10 7 K the minimum energy flux is 3xl0 8 ergs cm -2 s -1 for protons above a minimum energy of 200 keV. This flux would have to be multiplied by a factor 2 or 3 for an originally isotropic velocity distribution. As long as scattering by waves in the corona is not strong enough to increase significantly the particle path-which is likely for coronal magnetic fields of 300 G or more-these results are valid.
Linear Ha polarization is not present over all the bright Ha patches. This is consistent with the fact that it should be found only at the feet of those magnetic loops, with an appropriate magnetic field, in which protons beams are accelerated with the required energy flux. Thus it should last only as long as the coronal temperature is high enough and the coronal mass not too high.
The temporal association between Ha line polarization and X-ray emission in the events reported here links the observed polarization to the presence of energetic particles and supports the interpretation of 100 keV protons as being the cause of the observed polarization. These protons carry enough energy to generate the hot plasma emitting soft X-rays. We note that, during the time where polarization was observed, X-ray emission appeared to be more thermal than impulsive. Simultaneous Ha and soft and hard X-ray observations with good spatial resolution are required to confirm this hypothesis.
